Abstract: The evolution of a highly developed nervous system is mirrored by the ability of individual neurons to develop increased morphological complexity. As microtubules (MTs) are crucially involved in neuronal development, we tested the hypothesis that the evolution of complexity is driven by an increasing capacity of the MT system for regulated molecular interactions as it may be implemented by a higher number of molecular players and a greater ability of the individual molecules to interact. We performed bioinformatics analysis on different classes of components of the vertebrate neuronal MT cytoskeleton. We show that the number of orthologs of tubulin structure proteins, MT-binding proteins and tubulin-sequestering proteins expanded during vertebrate evolution. We observed that protein diversity of MT-binding and tubulin-sequestering proteins increased by alternative splicing. In addition, we found that regions of the MT-binding protein tau and MAP6 displayed a clear increase in disorder extent during evolution. The data provide evidence that vertebrate evolution is paralleled by gene expansions, changes in alternative splicing and evolution of coding sequences of components of the MT system. The results suggest that in particular evolutionary changes in tubulin-structure proteins, MT-binding proteins and tubulin-sequestering proteins were prominent drivers for the development of increased neuronal complexity.
Introduction
The complexity of the nervous system permits the development of sophisticated behavioral repertoires, such as language, tool use, self-awareness, symbolic thought, cultural learning and consciousness. The basis for the development of such a complexity is a high neuronal heterogeneity caused by neuronal diversification on the one hand and a large interconnectivity between the individual neurons on the other hand (Muotri and Gage, 2006) . In addition, the brain constantly needs to adapt to functional challenges of various kinds during development and adulthood by a process called neural plasticity (Zilles, 1992) . At a single cell level, neural plasticity involves changes in the number or the strength of synaptic contacts between individual neurons thereby changing the extent of their interconnectivity.
Thus, it is conceivable that the evolution of a complex and adaptable nervous system is mirrored by the ability of individual neurons to develop high and variable morphological complexity, e.g. with respect to the extent of their axonal and dendritic arborization as a prerequisite to establish and modulate a large number of synaptic contacts. Differences in the total dendritic length and the number of branches -together with the diameter of the dendrites -also affect the electrical, biochemical and biophysical properties of the synaptic inputs of neurons (reviewed in Spruston, 2008) . Therefore, variations in these parameters reflect differences in the complexity and information processing of neuronal circuits between species, which probably have important implications for cognitive functions. Indeed, a recent study showed correlation between single-cell phenotype and cognitive functioning in humans (Goriounova et al., 2018) .
Purkinje cells of the cerebellar cortex are an informative example of neurons with a high interconnectivity. They belong to the largest neurons in the human brain and establish the most extensive dendritic arborization in the central nervous system (CNS), which allows for the formation of up to 200 000 synaptic inputs per neuron (Tyrrell and Willshaw, 1992) . The cerebellum is a major part of the hindbrain, which represents an evolutionary old part of the brain and may have first evolved in the last common ancestor of chordates and arthropods between 570 and 555 million years ago (Ghysen, 2003) . Thus, the morphological complexity of the dendritic arbor of Purkinje cells can be compared from the brain of simple vertebrates such as lamprey to primates including humans. Determination of the fractal dimensions of Purkinje cells as a measure for dendritic arborization has been performed for some representative species and revealed an increase over evolutionary time ( Figure 1A ) consistent with an increase of morphological complexity of neurons during evolution; it should however be noted that a regression analysis with a higher number of species did not reveal a significant increase of the fractal dimensions of Purkinje cells for different water creatures, suggesting that also other variables besides evolutionary time need to be taken into account, at least with respect to the development of the cerebellum (Krauss et al., 1994) .
Pyramidal neurons of the cerebral cortex may be another informative example for changes in morphological complexity during evolution. In contrast to the cerebellum, the cerebral cortex has evolved most recently and shows the biggest evolutionary variation (Rakic, 2009) . It is the largest site of neuronal integration in the brain and plays a key role in higher cognitive functions such as memory and attention. During mammalian evolution, the cerebral cortex has established a large relative expansion with an allocation of approximately eight neurons in the cerebral cortex for every neuron allocated to the rest of the brain (Herculano-Houzel et al., 2014) . The most abundant cortical neurons (estimated as 70-80% of the total neural population) represent the pyramidal cells (Defelipe, 2011) . A cortical brain region with a well-defined cytoarchitecture and connectivity is the hippocampus, which is involved in the consolidation of information from short-term to longterm memory. Pyramidal neurons in the hippocampal subfield CA1 tend to be the most homogeneous population in the hippocampus with respect to their morphological variation within a species (Ishizuka et al., 1995) . In humans, CA1 pyramidal neurons are considered to have a critical role in autobiographical memory retrieval and for re-experiencing detailed episodic memories (Bartsch et al., 2011) . Also, these neurons show an increase in dendritic length and arborization from mouse to rats to monkeys, with a more than 3-fold increase in total dendritic length and an almost doubling in branching points ( Figure 1B) . Thus, these numbers are also in agreement with the view that the evolution of higher cognitive functions is paralleled by an increased morphological complexity on the level of individual neurons and support the view that human neurons are not just 'scaled-up' versions of rodent or macaque neurons, but have unique structural and functional properties (Mohan et al., 2015) .
Most excitatory synapses in the cerebellar and cerebral cortex end at small dendritic protrusions, called dendritic spines (Yuste, 2010) . Dendritic spines can be considered as neuronal microcompartments since they function (Krauss et al., 1994) , which include a re-examination of data by (Takeda et al., 1992) ; both data sets are shown in the graph and indicate an increased fractal dimension over evolutionary time. (B) Morphological parameters of CA1 pyramidal neurons of the hippocampus. A typical reconstruction of the morphology of a CA1 neuron from the mouse hippocampus is shown on top. The selected neuron is indicated by a yellow arrow in the stitched image (top left). Apical dendrites of the reconstructed neuron are shown in red, basal dendrites in blue (top right). The length of the dendrites and the number of branching points from three different species are shown in the table below. The numbers are based on data from the evaluation of eight fluorescent neurons from the hippocampus of a GFP-expressing mouse line (14-20 weeks old male mice; Schob et al., 2019) , 20 horseradish peroxidase injected CA1 neurons from the rat hippocampus (33-57 days old female rats; Ishizuka et al., 1995) , and 30 biocytinlabeled CA1 neurons from 11 months to 24-year-old Macaca mulatta and M. fascicularis (Altemus et al., 2005) . Mean ± SEM are shown.
as local units for the segregation of responses, serve as organizing platforms in a temporally and spatially highly restricted manner, and are regulated in a locally restricted and autonomous way (Brandt and Paululat, 2013) . Thus, differences in the number of spines indicate differences in the number of excitatory inputs and can be considered as an additional measure for neuronal complexity. Indeed, neurons in the human prefrontal cortex have 72% more dendritic spines than those in the respective region of the macaque, and harbor approximately 4 times more dendritic spines than those in the prefrontal cortex of the squirrel monkey (Defelipe, 2011) . Dendritic spines show also variation in their morphology reflecting functional differences [for a review see (Tackenberg et al., 2009)] . Potentially important structural spine parameters include the spine volume and the length of the spine neck, which is proportional to the extent of biochemical and electrical isolation of the spine from its parent dendrite. Dendritic spines in humans have 100% more volume than those in the somatosensory cortex of mice and also the length of the spine neck is significantly longer (about 30%) in humans than in mice (Defelipe, 2011) .
The cytoskeleton is the major intracellular structure that determines the morphology of a neuron and microtubules (MTs) in particular are critical for the development and stabilization of axonal and dendritic processes [for a review see (Penazzi et al., 2016) ]. The MT system is crucially involved in all aspects of the development of morphological complexity of neurons such as neuritogenesis, axogenesis and axon specification, axonal branch formation, dendritogenesis, arborization in dendrites, and the formation and morphing of dendritic spines (Table 1) . MTs are also highly dynamic, which enables them to translate changes in neuronal activity into morphological changes of axons, dendrites and spines in an adjustable manner. The structure and dynamics of the MT system is regulated by different classes of proteins; with respect to aspects of neuronal morphogenesis, these include MT-binding proteins (MT-associated proteins, MAPs), which bind to the polymers, tubulin-sequestering proteins that predominantly interact with tubulin dimers, MT end-binding proteins with a preference for MT ends, and MT-severing proteins (Table 1) . Further complexity is added by the presence of several α-and β-tubulin genes, which code for the MT structure proteins, and γ-tubulin and some other factors, which are involved in MT nucleation.
Thus, it is conceivable that the evolution of neuronal complexity is driven by an increased capacity of the MT system to react to various environmental stimuli. This capacity may then be secured by a higher number of molecular players within the MT system and an increased potency for regulated molecular interactions. In this article, we aim to test this hypothesis by scrutinizing changes in the building blocks of the MT system, i.e. the tubulin isoforms, and the different classes of their regulatory proteins. We restrict our analysis to vertebrates, as they have a similar and easily comparable blueprint of their nervous system. The vertebrates are the only chordate group to exhibit cephalisation, the concentration of brain functions in the head, and they fall into two major clades, the cyclostomes (hagfishes and lampreys) and the gnathostomes (jawed vertebrates).
Results
The MT system is crucially involved in the development of the morphological complexity of neurons and consists of several groups of proteins with specific functions. These include (a) structure proteins such as α-and β-tubulin, (b) MT nucleators including γ-tubulin, (c) MT-binding proteins that bind along the length of MTs, (d) MT endbinding proteins, (e) tubulin-sequestering proteins, and (f) MT-severing proteins, which all contribute to different aspects of neuronal morphogenesis (Table 1) . We excluded motor proteins from our analysis as we decided to focus on changes in MT assembly and dynamics; however, we are well aware that some kinesins have been shown to destabilize or depolymerize MTs in non-neuronal cells, which could also be of functional relevance for neurons (Newton et al., 2004; Ems-McClung and Walczak, 2010) .
The presence of different functional classes and the variety of factors, which have the potential to regulate the assembly and dynamics of the MT cytoskeleton in neurons, suggests that the increase in morphological complexity of neurons during evolution could be achieved owing to an increase in the number of molecular players (i.e. more genes or more protein-coding splice variants), or the capacity of single molecules to perform more interactions (i.e. more exons or increased extent of protein regions, which mediate molecular interactions).
To test this hypothesis, we performed bioinformatics analysis on selected organisms with available genome annotation from different taxons of vertebrates (jawless fishes, bony fishes, coelacanths, amphibians, reptiles, birds and mammals). We included hagfish (Eptatretus burgeri) from the class Myxini, which together with lamprey (Petromyzon marinus) are considered to be at the origin of all vertebrates forming one superclass, Cyclostomata, and to have diverged shortly after the separation of cyclostomes (Kuraku and Kuratani, 2006) . We were 
Involvement of the MT system
Selected references Neuritogenesis Induction of MT polymerization by taxol or overexpression of neuronal MT-associated proteins (MAP2c or tau) induce neuritogenesis in cytochalasin-treated cells (Edson et al., 1993; Leger et al., 1994 Leger et al., , 1997 ) The MT-associated protein MAP2 exhibits a shift in its localization from a microfilamentassociated staining pattern to MT binding (Kwei et al., 1998) Overexpression of the tubulin-sequestering protein stathmin 2 strongly enhances neurite outgrowth (Grenningloh et al., 2004) Axonogenesis and axon specification Invasion and elongation of MTs in the axonal compartment is increased during axonogenesis (Yu and Baas, 1994) The ratio of acetylated to tyrosinated MTs (as a marker of MT stability) in the minor neurite that will become the future axon is significantly increased (Witte et al., 2008) The first marker for the development of neuronal polarity is the localization of the MT-associated protein tau to the neurite that develops to an axon (Kempf et al., 1996) Localized regulation of MT dynamics by the mPar3/mPar6 complex specifies the axon (Shi et al., 2003) Axonal branch formation Reorientation and reorganization of MTs contribute to branch formation (Dent et al., 1999; Wang and Brown, 2002 ) The MT-severing protein spastin concentrates in discrete patches along the axonal length that correspond to branching point sites (Svenson et al., 2005; Yu et al., 2008) The MT-associated protein tau strongly counteracts the activity of the MT-severing proteins katanin and spastin (Qiang et al., 2006; Lacroix et al., 2010) Dendritogenesis Conversion of minor processes into dendrites of cultured hippocampal neurons involves transfer of MT from the cell soma to the position of the dendrites (Sharp et al., 1995) Dendrite formation is mediated by increased association of the MT-associated protein MAP2 with MTs and enhanced MT stability (Vaillant et al., 2002) Arborization in dendrites MTs are initially cold-labile before progressively becoming cold-stable during development of dendritic arborization of cerebellar Purkinje cells (Faivre et al., 1985) Upregulation of the MT-associated proteins MAP2 and MAP1A stabilizes dendritic branches (Vaillant et al., 2002; Szebenyi et al., 2005 ) Deletion of the genes coding for the MT-associated proteins MAP2 and MAP1A disrupts MT spacing and lowers dendritic arbor complexity in mouse brain (Teng et al., 2001; Harada et al., 2002) Phosphorylation of the MT-associated protein MAP2 increases during neuronal development and correlates with the growth of the dendritic arbor in cultured hippocampal neurons (Díez-Guerra and Avila, 1993) Depletion of the MT-severing protein spastin causes reduction in the complexity of the apical dendritic arbor and shortening of basal dendrites but does not affect dendrite number and length (Riano et al., 2009) Drug-induced MT stabilization and a non-phosphorylatable tau isoform induce dendritic simplification in ex vivo cultures of hippocampal neurons (Golovyashkina et al., 2015) Formation and morphing of dendritic spines MTs transiently invade in a subset of spines corresponding to ~9% of the protrusions (Fiala et al., 2003; Gu et al., 2008; Hu et al., 2008 ) Drug-induced MT destabilization causes spine loss (Fanara et al., 2010; Penazzi et al., 2016 ) Drug-induced MT destabilization promotes morphologic changes of mature mushroomshaped spines into immature filopodia-like spines without changing the total spine number (Jaworski et al., 2009) Knockdown of the MT end-binding protein EB3 results in reduced spine number without alteration of spine shape (Gu et al., 2008) Overexpression of the MT end-binding protein EB3 increases the number of mushroomshaped spines (Jaworski et al., 2009) Induction of long-term potentiation (LTP) results in an increased number of spines invaded by MTs and increased frequency of MT spine invasions; intraspinal MTs lead to a faster and greater spine enlargement compared to noninvaded spines (Merriam et al., 2011) Drug-induced MT stabilization decreases spine length and increases the density of mushroom-shaped spines in cortical neurons (Chuckowree et al., 2018) Expression of a constitutively active tubulin-sequestering protein (Stathmin 4A) reduces spine density in granule neurons of the dentate gyrus (Martel et al., 2016) searching genes coding for the proteins of the MT system that descended from a common ancestral DNA after a speciation event (i.e. ortholog genes).
Increased numbers of orthologs -MT skeleton components
On the basis of their involvement in regulating MT dynamics during neuronal morphogenesis (see Table 1 ), we selected for our bioinformatics analysis α-and β-tubulins as MT structure proteins and γ-tubulins and associated proteins as MT nucleators. With respect to MT binding proteins, which interact along the length of MTs thereby affecting their stability, we included MT-associated protein tau (encoded by the MAPT gene) and its closely related family members MAP2 and MAP4, which contain similar MT-binding domains (MTBDs) (Dehmelt and Halpain, 2005) but differ in their N-terminal projection domains, when bound to MTs. We further included the three MAP1 family components, MAP1A, MAP1B and MAP1S, which -in contrast to the compartment-specific localized tau and MAP2 -are present ubiquitously in neurons. MAP6 (or stable-tubule-only-polypeptide, STOP) and MAP7 (enconsin) were also included as further MAPs. MT end-binding proteins are plus-end tracking proteins that bind to the very tip of growing MTs. We included into our analysis EB1, EB2, EB3, CLASP1 and CLASP2 (Gouveia and Akhmanova, 2010). Tubulin-sequestering proteins interact with tubulin dimers and lower the concentration of free tubulin via binding (Belmont and Mitchison, 1996) . We included stathmins 1-4, which are encoded by four distinct genes STMN1-4. STMN1 codes for stathmin 1 (or oncoprotein 18), which is abundantly expressed in the developing nervous system (Chneiweiss et al., 1989) . SCG10 (Superior cervical ganglion-10 protein), encoded by STMN2, SCLIP (SCG10 like protein), encoded by STMN3, and RB3 (stathmin-like protein B3), encoded by STMN4, are other stathmins expressed mostly in neurons (reviewed in Chauvin and Sobel, 2015) . All stathmins possess a C-terminal stathmin-like domain (SLD) that binds tubulins in a phosphorylation-dependent manner. Stathmin 2 through 4 differ from stathmin 1 by N-terminal membrane-targeting regions (Ozon et al., 1997) . MT-severing enzymes cut MTs into short fragments (Sharp and Ross, 2012) . Vertebrates have MT-severing protein katanin, as well as spastin and fidgetin, members of closely related enzyme subfamilies, that have been shown to sever MTs (Roll-Mecak and McNally, 2010) . All of these proteins are expressed in neurons and were included in our analysis.
To determine the number of orthologs of the respective genes for MT skeleton components, we assessed the numbers of highly similar orthologs of the respective human genes in different species predicted by Ensembl genome browser Release 94 (Zerbino et al., 2018) (Figure 2A ). We observed that human MT skeleton components had the lowest numbers of close orthologs in jawless fishes and bony fishes. However, it should be noted that our approach has limitations because sometimes, as was the case with STMN2 and STMN3 in jawless fish, organisms would have closer orthologs because of the high similarity of hits or no orthologs would be found because of high dissimilarity of these genes in different taxons. As an example, MAP6 has one ortholog in Danio rerio (Dacheux et al., 2015) which our approach did not show.
Next, we analyzed how the overall number of close orthologs for all selected proteins changes throughout evolution ( Figure 2B ). Some genes encoding MT skeleton components in Cyclostomata and Actinopterygii either appeared later in evolution with the rise of Sarcopterygii or displayed a large change throughout evolution and thus could not be found with a close homology search. We observed a rise for overall numbers of orthologs from lower to higher vertebrates consistent with the view that the number of molecular players of the MT system increases. The representation of the trend is shown besides the dendrogram of all the analyzed organisms in Figure 2B . We also analyzed the changes for each of the functional groups of proteins ( Figures 2C, S1 ). When plotted against the divergence time, we observed an increase in numbers of highly similar orthologs for tubulin-sequestering proteins, MT-binding proteins and -most prominently -for structure proteins. We could not observe a similar trend for MT-severing proteins and end-binding proteins.
The data indicate that tubulin-structure proteins, MTbinding proteins and tubulin-sequestering proteins were either changing to a major extent throughout vertebrate evolution or exhibited a change in their number. This suggests that changes in these three groups of proteins were the most prominent drivers for the development of increased neuronal complexity during evolution of the vertebrates.
Expansion in gene numbers -tubulins and nucleators
MTs are directional polymeric structures formed by protofilaments consisting of α-and β-tubulin heterodimers. MT nucleation is associated with γ-tubulin. Tubulins are the most abundant and highly conserved proteins. α-, β-and γ-tubulin genes have the widest taxonomic representation and are ubiquitous in eukaryotes. As has been shown before, the tubulin gene family has undergone evolutionary expansion (McKean et al., 2001) . In vertebrates each of the tubulin genes is located at a different genetic locus and encodes for a protein that is approximately 400 amino acids in length. While tubulins are highly conserved between and within vertebrates, their C-terminal region shows great variation and is a target of post-translational modification, which can have diverse effect on MT functioning (Breuss et al., 2017) .
Invertebrate organisms have smaller numbers of α-and β-tubulin genes, for example, yeast contains two α-tubulin and one β-tubulin genes and fruit flies harbor four α-tubulin and four β-tubulin genes. We analyzed the numbers of tubulin genes for selected vertebrates including humans by database search. It is evident that the number of tubulin genes increases with the evolution of vertebrates (Table 2 ). It should be noted that some authors argue that the human genome may contain even more tubulin genes, i.e. at least 15 α-tubulin and 21 β-tubulin genes (Dutcher, 2003) by inclusion of recent duplicates, pseudogenes and tubulin-like genes. However, when all of these genes from databases for mice, rats and humans were included, the trend of overall expansion became less clear (Table S1 ).
In contrast, for γ-tubulin, which is involved in the nucleation of MTs, changes were less impressive; humans have two γ-tubulin genes (as well as mice and rats) but frog (Xenopus -African clawed frog) and fish have only one (Table 2 ). To form a nucleation complex γ-tubulin binds to other proteins, the γ-tubulin complex proteins (GCPs). In selected vertebrates the numbers of these genes did not change, and all contained genes TUBGCP2 through TUBGCP6. In contrast, budding yeast has only two homologs of GCP genes -SPC97/GCP2 and SPC98/GCP3 -and their nucleation complex is much smaller than that of vertebrates (Murphy et al., 1998) .
The data indicate that the number of α-and β-tubulin genes shows a trend to increase through vertebrate evolution, while this is not the case for the components, which are involved in MT nucleation. Tubulin genes are very similar, yet even slight modifications may provide the opportunity for a more precise regulation of their stability and interactions, which could be important to organize the increased morphological complexity of neurons during the evolution of vertebrates. The data support the view that -with respect to variants of α-and β-tubulin -evolution has acted to modify an existing molecule to create a number of variants with special purposes (Oakley, 2000) , which was less required for nucleation.
Changes in splicing and numbers of exons -stabilizing and destabilizing proteins
Alternative splicing increases protein-coding capability of a single gene and expands proteome diversity, thus being an important cell-functioning regulatory factor (Leipzig et al., 2004) . In particular, during brain development, alternative splicing increases the diversification of protein isoforms in specific cell populations and is thought to play an important role in the spatiotemporal control of transcripts (Furlanis and Scheiffele, 2018) . Thus, the intron/ exon structure of genes may give further information than changes in sequences and help to understand evolutionary relationships of genes from different species. As our data on the number of orthologs of proteins of the MT system TUBA1A  TUBA1A  TUBA1A  TUBA1A  TUBA1A   TUBA1B  TUBA1B  TUBA1B  TUBA1B  TUBA1B  TUBA1C  TUBA1C  TUBA1C  TUBA1C  TUBA1C  −   TUBA3C  −   −   TUBA3C  −   −   TUBA3B  TUBA3B  TUBA3D  −   −   TUBA3A  TUBA3A  TUBA3E  −   TUBA4A  TUBA4A  TUBA4A  TUBA4A   TUBA2  −   −   −   TUBA4B  −   TUBA8  TUBA8  TUBA8   TUBA8  β-Tubulins   TUBB1  −   TUBB1  TUBB1   TUBB1   TUBB2A  −   TUBB2A  TUBB2A  TUBB2A   TUBB2B  TUBB2B  TUBB2B  TUBB2B  TUBB2B   −   TUBB3  TUBB3  TUBB3   TUBB3   −   TUBB4A  TUBB4A  TUBB4A  TUBB4A   TUBB4B  TUBB4B  TUBB4B  TUBB4B  TUBB4B   TUBB5  TUBB1/5  TUBB5  TUBB5   TUBB5   TUBB6  TUBB6  TUBB6  TUBB6   TUBB6 
Tubulin genes that are associated with neuronal diseases in humans (bold) or were shown to be neuronally expressed (gray background) are indicated. Genes are presented in alphabetical order for humans and the closest homologues from other organisms are located in the same row. (a) TUBA1A (Keays et al., 2007) , (b) TUBA4A (Smith et al., 2014) , (c) TUBB2A (Cushion et al., 2014) , (d) TUBB2B (Jaglin et al., 2009) , (e) TUBB3 (Tischfield et al., 2010) , (f) TUBB5 (Breuss et al., 2012) , (g) TUBB4A (Simons et al., 2013) , (h) TUBA8 (Abdollahi et al., 2009) , and (i) TUBG1 (Poirier et al., 2013) .
indicated that in particular MT-binding proteins and tubulin-sequestering proteins appeared to be the main drivers for the development of increased neuronal complexity, we concentrated our analysis on these two classes of proteins. To determine changes in alternative splicing during evolution, we assessed the number of protein-coding splice variants for selected MT-binding proteins and tubulin-sequestering proteins ( Figure 3A) . To exclude potential other variables besides evolutionary time, we restricted our analysis to land vertebrates (Krauss et al., 1994) . The number of splice variants tended to increase for all analyzed MT-binding and tubulin-sequestering proteins and was similar for the three proteins of the tau/ MAP2/MAP4 family. When grouped by divergence times the trends were also similar to those presented in Figure 3 (not shown). To determine a potential correlation with respect to the complexity of the respective genes, we also assessed the maximal numbers of exons of the respective MT-binding and tubulin-sequestering proteins ( Figure 3B ). Here, we observed that the trends were different for the two groups; while the genes for the MT-binding proteins (MAPT, MAP2 and MAP4) did not have major changes in the numbers of exons, genes for the tubulin-sequestering proteins (STMN1-4) all showed a slight increase in exon numbers.
The data suggest that the protein diversity of MT-binding and tubulin-sequestering proteins increased by alternative splicing during the evolution of land vertebrates, which is in line of a potential role of these proteins as drivers for the development of increased neuronal complexity and plasticity. The results should however be considered with caution, as the difference could -at least partially -also be due to the fact that some organisms, such as mice and humans, are more thoroughly studied than others (which can result in higher splice variants detected).
Intrinsically disordered regions -MT-binding and tubulin-sequestering proteins
Recently, it is becoming increasingly evident that a large number of proteins are either fully disordered (they are called intrinsically disordered proteins -IDPs) or partially disordered (they have intrinsically disordered regionsIDRs, characterized by high structural plasticity) (Uversky et al., 2000; van der Lee et al., 2014) . Many IDPs and proteins with a substantial extent of IDRs may have multiple interaction partners, thus forming hubs of cell interactome (Uchida and Shumyatsky, 2015) . Thus, an increase in IDRs during evolution may provide a mechanism for increased binding promiscuity and an improved ability to react quickly in response to changes in the environment.
The MT-binding proteins tau, MAP2 and MAP4 contain a similar C-terminal region with multiple highly conserved MTBDs, while the N-terminal region of tau is intrinsically disordered and has been proposed to interact with a high number of proteins (Brandt and Leschik, 2004; Jeganathan et al., 2008; Uversky, 2015) . Indeed, we have shown that the N-terminus of tau interacts with components of the plasma membrane including several members of the annexin family (Gauthier-Kemper et al., 2011 . The association of tau with ribonucleoproteins has also been shown (Gunawardana et al., 2015) . The projection domain of MAP2 has been proposed to have disordered structure to act as a spacer between the MT skeleton and other cell compartments (Mukhopadhyay and Hoh, 2001; van der Lee et al., 2014) . Some tubulin-sequestering proteins belong to the class of IDPs as well. Stathmin 1 is an intrinsically disordered protein with its C-terminus being more disordered than the N-terminal part (Honnappa et al., 2006) . Interestingly, other stathmins are not as disordered as stathmin 1 even in the region of the somewhat similar SLDs.
The extent of disorder of soluble proteins with IDRs may be predicted from their sequence properties. For example, the correlation between the hydrophobicity of amino acids making up the protein and its structure were shown to be significant for different hydrophobicity scales (Moelbert et al., 2004) . Thus, we analyzed whether different regions of MT-binding and tubulin-sequestering proteins may have different properties including more hydrophobic or hydrophilic amino acids. First, we assessed the properties of tau amino acid sequences based on the longest CNS MAPT isoform coding for tau with 441 amino acids with the IDP-hydropathy scale ( Figure 4A ). This scale had been developed for improved discrimination between structured proteins and IDPs (Huang et al., 2014) . We observed that the MTBDs have a higher IDP-hydropathy score with more hydrophobic amino acids suggesting these regions are more prone to folding. Proline-rich regions were the most hydrophilic regions, and the N-terminal regions also contained some more hydrophilic loci. Then we assessed the structure properties of tau via IUPred2A prediction of IDRs (Meszaros et al., 2018) (Figure 4B ). The MTBDs and the C-terminal region have a lower disorder extent than the N-terminal region and the proline-rich region. It is also evident that the disorder extent of the N-terminal region and the proline-rich region increases during evolution ( Figure 4B, right) . For a more quantitative comparison we determined the extent of predicted disorder for the individual regions (N-terminal region, proline-rich region, MTBDs and C-terminal region) and normalized it to the length of the respective region in every organism, as different exons of tau have been shown to have different length in the various groups of vertebrates (Sundermann et al., 2016; Gauthier-Kemper et al., 2018) . We observed that the disorder in the N-terminal region showed a clear increase throughout evolution ( Figure 4D , S4A, green line). Other regions did not change to a major extent. We also analyzed changes in disorder extent of MAP6 that possesses disordered regions ( Figure 4C ). As MAP6 is important for stabilization of axonal MTs we decided to include it into our analysis (Tortosa et al., 2017) . In fact, we observed that also the N-terminal region of MAP6 showed a clear increase in disorder throughout evolution ( Figures 4E, S4B) .
Next, we analyzed whether stathmin 1 ( Figure 5A ) and any region of MAP2 ( Figure S2A ), in particular its projection-domain (full sequences of which were only available for some land vertebrates), also have any propensity to change the extent of disorder throughout evolution. Stathmin 1 is more disordered on the C-terminus compared to the N-terminus ( Figure 5A, left) . The projection-domain of MAP2 also showed some regions of disorder ( Figure S2A, left) . The disorder prediction map of both proteins did not show an obvious trend in the change of the extent of disorder during evolution neither in the whole protein nor in any protein region ( Figure 5A , S2A, right). This was confirmed by a quantitative analysis of the extent of predicted disorder for individual regions (SLD for stathmin 1; N-terminal region, projection domain, proline-rich region, MTBDs, C-terminal region for MAP2), where no specific trend was observed for any region ( Figures 5B, S2B, S4C, D) .
Although not being a classic MT-associated protein, experimental evidence indicates that the presynaptic protein α-synuclein also interacts with MTs (Cartelli et al., 2016; Toba et al., 2017) . Therefore, we decided to include α-synuclein (encoded by the SNCA gene) in our analysis, as it is known to be an IDP (Uversky, 2015) . α-Synuclein is mainly disordered on the C-terminal part ( Figure S3A ). However, our data show that there is no increase (but rather a decrease) in the extent of disorder in this protein during evolution (Figures S3B, S4E ). The data indicate that MT-binding and tubulinsequestering proteins contain IDRs, which may serve as interaction domains in cellular protein-protein interaction networks. However, with respect to changes during evolution, a clear increase in disorder was only evident in the N-terminal region of tau and MAP6. This suggests a unique role of the projection domain of tau and the N-terminus of MAP6, which developed during evolution and provided a mechanism for increased binding promiscuity. Interestingly, tau is the only MAP which is directly involved in neurodegenerative diseases and aggregates of tau protein have been observed in Alzheimer's disease and other tauopathies. Thus, the increase in disorder during evolution may be associated with the misbehavior of the IDR in neurodegenerative diseases and could explain why tauopathies have only been observed in higher vertebrates.
Discussion
In this study we tested the hypothesis that the evolution of neuronal complexity is driven by an increasing capacity of the MT system for regulated molecular interactions as it may be implemented by a higher number of molecular players and a greater ability of the individual molecules to interact. We focused our bioinformatics analysis on the examination of six different classes of proteins, which have been implicated in the development of neuronal morphology, and we restricted our study to vertebrates as they have a similar organization of their nervous system. We show that, during vertebrate evolution, (1) three classes of proteins -tubulin-structure proteins, MT-binding proteins and tubulin-sequestering proteins -displayed a particular large increase in the number of orthologs, and that (2) the protein diversity of MT-binding and tubulinsequestering proteins increased by alternative splicing during the evolution of land vertebrates. In addition, we found that (3) although several MT-binding and tubulinsequestering proteins contained IDRs, only the N-terminal region of the MT-binding protein tau and MAP6 displayed a clear increase in disorder during evolution.
The role of the MT skeleton in the development and functioning of the nervous system seems to be immense and a spatiotemporal fine tuning of MT dynamics is very important. There are various possibilities to increase the capacity for the fine tuning of MT skeleton function during evolution. These include gene expansions, changes in alternative splicing, evolution of coding sequences and post-translational modifications. Tau is probably the best studied MT regulating protein due to its involvement in neurodegenerative diseases (Bakota et al., 2017) . MAPT codes for many isoforms, some of which are produced in the CNS, others were shown to be only present in the peripheral nervous system (PNS). The gene contains 16 exons and in the adult human brain, six isoforms are expressed, produced by alternative splicing of exons 2, 3 and 10. We found that MT-binding proteins (tau, MAP2 and MAP4) did not have major changes in the numbers of exons, while tubulin-sequestering proteins such as the stathmins (coded by STMN1-4 genes) displayed a slight increase in this parameter. This might be due to the fact that MAPs already had a high complexity early in evolution due to a large number of exons, which already provided many combinatorial possibilities for functional regulation. In support of such a hypothesis, protein diversity of the MAPs increased by alternative splicing during evolution. In contrast, stathmins are very small proteins, so that the presence of additional exons would facilitate fine tuning in more complex neurons. Hence, MAPs and stathmins of vertebrates could be considered as proteoforms owing to their ability to exist in multiple forms while being coded by same genes (Smith et al., 2013; Uversky, 2016) .
MT-binding and tubulin-sequestering proteins displayed an additional mechanism for modulation and control of their binding partners by intrinsically disordered protein regions. A higher extent of protein disorder was proposed to correlate with higher numbers of interaction partners, which may imply higher complexity of regulation (Uversky, 2015 (Uversky, , 2016 . We observed that the projection domain of tau and MAP6 exhibited an increase in disorder during evolution while MAP2 or stathmins did not display such a trend. Thus, some IDRs of MT-binding and MT-severing proteins may become more disordered throughout evolution implying increasing regulation complexity, whereas in others, structured regions or regions prone to induced folding may become more ordered calling for higher specificity. The increase in disorder in the case of the projection domain of tau and the N-terminal part of MAP6 correlates with a transition from poikilotherms to homeotherms. On the one hand, the proteins of poikilotherms (e.g. fishes) operate at lower temperatures than those of homeotherms. On the other hand, intrinsically disordered proteins were shown to attain secondary structure elements and 'collapse' at higher temperatures (Uversky, 2009 ); it appears that their 'spread wide' structures, which allow interactions with multiple partners, are maintained by networks of weak bonds that become disrupted at higher temperature (Langridge et al., 2014) . Therefore, the increase in predicted disordered segments in case of tau and MAP6 of homeotherms deserves attention. Several possibilities, which are not mutually exclusive, could be considered: (1) the predicted disordered segments might be less disordered as predicted and contain secondary structure elements in the case of vertebrates with high body temperature; (2) the complex network of bonds, which stabilizes the divaricate structure of intrinsically disordered segments, remains intact only at particular, optimal temperatures that can be maintained by homeotherms, but not poikilotherms; (3) the evolutionary pressure for attaining new functions in the framework of the structure-function continuum (Uversky, 2016) was so strong in the case of tau and MAP6 that the fraction of intrinsically disordered segments increased in spite of higher body temperature. Comparative analysis of other nervous system proteins may help to discriminate between these three possibilities.
We performed our analysis using IUPred2A which is just one of many disorder predictors. Using multiple disorder predictors may have the potential to provide further insights with respect to the variability in the intrinsic disorder predisposition. Moreover, predictions of disorder-based interaction regions related to the protein functionality [such as MoRFpred (Disfani et al., 2012) or OPAL (Sharma et al., 2018) ] may be conducted to further analyze the regions with changed disorder.
We would like to emphasize that we did not touch the subject of post-translational modifications. It is known that the tubulin-structure proteins α-and β-tubulin exhibit many kinds of posttranslational modifications such as acetylation, polyglutamylation, polyglycylation and detyrosination and changes in the tubulin code may be important for fine-tuning of the MT system (Gadadhar et al., 2017) . It is also known that phosphorylation is an important mechanism to regulate the function of several MT-binding and tubulin-sequestering proteins (Uchida and Shumyatsky, 2015; Ramkumar et al., 2018) . Thus, it is likely that the different post-translational modifications provide an additional level of regulation of the interactions and functions of proteins of the MT system, which also deserve analysis.
Taken together, our data suggest that evolutionary changes in tubulin-structure proteins, MT-binding proteins and tubulin-sequestering proteins in particular were prominent drivers for the development of increased neuronal complexity, while this was less the case for MT nucleators, MT end-binding, and MT-severing proteins. It will be important to test aspects of this hypothesis by an evolutionary cell biological approach, i.e. whether changes in intrinsically disordered protein regions of MAPs affect the size of the interactome of the MT system, and which novel interactions and functions are mediated by specific, evolutionary new isoforms of MT-binding and tubulin-sequestering proteins or variants of α-and β-tubulin during neuronal morphogenesis. In the future, it would also be of interest to determine whether tendencies similar to those described in this study can be found in proteins associated with neurofilaments and microfilaments.
Materials and methods

Phylogeny
Dendrograms were generated by phyloT (phylot.biobyte.de) which is based on NCBI taxonomy (ncbi.nlm.nih.gov/Taxonomy) and visualized with Interactive Tree Of Life (itol.embl.de; Letunic and Bork, 2016) . From the early diverged groups of vertebrates, superclass Cyclostomata, we took two available organisms: hagfish (Eptatretus burgeri) and lamprey (Petromyzon marinus). For taxons where more organisms were available, we selected well-studied model organisms, such as zebrafish (Danio rerio) and Japanese medaka (Oryzias latipes). We took into consideration available species from Sarcopterygii superclass: coelacanth (Latimeria chalumnae) and frog (Xenopus tropicalis). For Sauropsida we selected species from different groups that include the following: superorder Lepidosauria -anole lizard (Anolis carolinensis), order Testudines -Chinese softshell turtle (Pelodiscus sinensis), class Aves -well-studied birds: zebra finch (Taeniopygia guttata) and chicken (Gallus gallus). For class Mammalia we selected the model organism mouse (Mus musculus), rat (Rattus norvegicus) and macaque (Macaca mulatta). Protein-coding splice variants and maximal number of exons analysis, as well as consequent sequences analysis also included human (Homo sapiens). The extended list of organisms was based on available vertebrates from Ensembl genome browser Release 94 (Zerbino et al., 2018) . All organisms were also grouped by the mentioned taxons.
Identification of orthologs
The following MT skeleton components, which are involved in regulating neuronal MT dynamics, were selected for analysis: structure proteins . Numbers of predicted orthologs of selected human MT skeleton components in different species were retrieved from Ensembl genome browser release 94 (Zerbino et al., 2018) . The search was conducted in tables of predicted orthologs for each selected human gene. Orthologs were predicted either with high confidence based on the high percentage of identity, high Gene Order Conservation Score or Whole Genome Alignment coverage in the Ensembl genome browser. Orthologs of selected genes predicted with high confidence in selected species were used to build Figure 2 .
Estimation of tubulin gene numbers
Tubulin gene data for this paper were retrieved from respective organisms' databases [December 5, 2018] : GeneCards -the human gene database (Stelzer et al., 2016) , the Rat Genome Database (Shimoyama et al., 2015) , Mouse Genome Informatics -the mouse genome database , Xenbase (Wang et al., 2017) , The Zebrafish Information Network (Howe et al., 2013) . TUBA, TUBB and TUBG genes were searched for in the presented databases, which can be further investigated to assess the homologous relationship between genes from different organisms. Pseudogenes and tubulin-like genes were not taken into consideration for building Table 2 .
Estimation of splice variant numbers and exon numbers
We assessed the numbers of protein-coding splice variants for MTbinding proteins and tubulin-sequestering proteins and also the numbers of exons that could be observed from available data from Ensembl genome browser release 94 (Figure 3) . We took the maximal exons number as they would arguably represent the most complex form.
Hydropathy and disorder predictions
Protein sequences analyzed in this study were retrieved from Uniprot (uniprot.org, release 12/2018), Refseq Release 91 (ncbi.nlm.nih. gov/refseq) and Ensembl genome browser Release 94. We based our search on the longest human CNS MAPT isoform coding for tau containing 441 amino acids (aa), human MAP6 (813 aa), human stathmin 1 (STMN1, isoform coding for 149 aa), human α-synuclein (SNCA, isoform coding for 140 aa) and longest isoform of MAP2 (containing 1827 aa), sometimes referred to as MAP2b and expressed in adult neurons; only sequences containing long projection domain were taken (Table  S2) . Alignment of obtained sequences was performed with ProbCons (Do et al., 2005) and further edited manually. We assessed the different amino acid sequence characteristics throughout the sequences coded by MAPT from selected vertebrate organisms (Figure 4) . Properties for selected sequences were predicted with IDP-hydropathy scale (smoothed by a 10 aa window), a scale that has been shown to better discriminate between structured proteins and IDPs (Huang et al., 2014) , and IUPred2A, an algorithm that evaluates the energy resulting from inter-residues interactions (Meszaros et al., 2018) . We also assessed the IUPred2A predictions for the sequences of stathmin 1, MAP2 and α-synuclein (coded by STMN1, MAP2 and SNCA, respectively) from selected vertebrate organisms (Figures 5, S2 and S4). providing a picture of mouse neurons. This work was supported by a fellowship of the graduate college 'EvoCell' of the University of Osnabrück (to N.T.).
